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PROPERTIES OF L, IGHT-EMITTING POROUS Si AND Si ].xGex ALLOYS
PRODUCED BY STAIN ETCHING
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ABSTRACT
Porous Si~n&prtiucti  in''sMin'' ctchcsm wcllasby  an~ic etching. In the stain-

etch case, thesamplc is simply immersed inasolution,  most commonly consisting of HF.
HN03,  and H20.  The resulting porous Si film is relatively thin and exhibits visible
luminescence similar tothatobwmti  formtiically~tchd  Si. Stain etching provides greater
flexibility than anodic  etching in some cases, and has been used to produce light-emitting
porous Si in selcctcd  areas, A variety of characterization tools have been employed to
demonstrate that porous Si produced by stain etching is predominantly amorphous, though
small crystallite have been observed near the interface with the substrate in some samples.
Stain etching has also been used to produce porous Sil.J3ex alloy layers from layers grown
by molecular beam epitixy.  Using analytical electron microscopy techniques, the porosity,
alloy composition, and impurity concentrations have been profiled as functions of depth in
these layers. Luminescence from these layers is found to decrease dramatically with
increasing Ge content, without significant shifting of the peak energy. Implications of these
results for Iumincsccnce  mechanisms are discussed.
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1. Introduction
Porous Si has been studied at a low level for over 30 years,lT but there has been

considerable activity recently due to the observation of strong visible luminescence at
room temperature. 18 Luminescent porous Si has been primarily produced by anodic
etching of Si in concentrated (49~0) h ydrofluoric  acid 19 or solutions of HP in w ater,zo
ethanol,z] or acetic acid.zz Stain films on Si have been known for a comparable period of
time,23~27 and have been shown to consist of porous material similar to that produced by
electrochemical etching.2T The most commonly used stain-etch solutions consist of
HF:HN03:H20, though other oxidizers have been used as well.27~1

Porous Si films produced by immersion in stain etches have been shown to exhibit
similar luminescence to that observed for electroehemically etched films. 1 ~3*g~ 11 This is
not surprising, as the underlying chemistry in stain etching and electrochemical etching of
Si is recognized to be the same.zd To the best of our knowledge, references 1-16 list all
the journal articles published on light-emitting porous Si fabricated by stain etching since
Canham’s observation of room-temperature luminescence in porous Si in 1990.18

While numerous papers have appeared on the properties of luminescent porous Si,
little has been published on porous Sil-XGex alloys. Gardelis et al. ] g report
photoluminescence (PL) results for an anodically-etched  sample, but only for one alloy
composition (x=O. 15). Because of the variation of band gap with alloy composition,
study of the properties of porous Sil.xGex may aid in the understanding the basic
mechanism responsible for luminescence in porous Si.

In this paper, the formation of porous Si and Sil.&ex alloys by stain etching and
the structural, chemical, and luminescence properties of these layers are reviewed. The
implications of these results for the luminescence mechanism is discussed,

2. Production of Porous Silicon and Sil.xGex Alloys by Stain Etching

2.1. Stain Etching of Silicon
Most stain etching of luminescent porous Si has been carried out in HF:HN03

based solutions, including HF:HN03:H20 (4:1 :5),l*8~g~]6 HF:HN03:H20 (1:5:10),1’13
HF:HN03:H20  (1 :3:5),4 $]4~15 HF:HN03:C}]3COOH: H20 (1 :2:1 :4),3 and HF:HN03
(500: 1).1 1 Stain films have also been produced in NaN02:HF (2 g in 100 ml),l and
Cr03:HF (0.2 g in 100 ml), 1 In most cases, use of standard electronic-grade reagents has
been specified or can be assumed (e.g., 49% HF and 70-71% HN03), with the water
being deionized. Etching is typically carried out in polypropylene beakers with no
intentional heating of the solutions, and etch durations range from 30 sec. to 15 min.

The basic reacton for the etching of Si in HF:HN03 based solutions is given as

Si + HN03 + 6HF = H2SiF6 + HN02 + H20 + Hz.

This oxidation chemistry is the same as that occuring during anodic porosification of Si,
with microscopic points on the Si surface behaving randomly as localized anodes and
cathodes.z’l A more detailed description of the process is given in Ref. 4.



The reaction at the Si surface is autocatalyzed by HN02,
24 so that in fresh solutions

a quiescent period of several minutes can persist before significant etching occurs. This
incubation period in HF:HN03:H20 (1 :3:5) was measured by Steckl et al. I’1 as a function
of resistivity (Fig. 1). The incubation time increases with resistivity for p-type samples
from = 0.,5 min. for 0.0043 Q-cm material m = 9 min. for 50 Q-cm material. For n-type
material, the incubation time was observed to decrease weakly with increasing resistivity,
with times typically of 8-10 min. Shih er al.q measured the incubation time as a function
of nitric acid content of the solution and found that staining begins almost immediately
for nitric content of 40% or greater. In order to accelerate the process in solutions less
rich in nitric acid, stain solutions are often primedl $ by briefly etching a piece of Si in
concentrated HF:HN03 (e.g., 4:1) prior to adding the deionized water. During this
process the Si dissolves rapidly, a yellowish gas evolves, and the solution turns yellow.
After dilluting the solution with water, it turns clear again. After priming, the solution
contains sufficient HN02 that staining of subsequent samples began much sooner.

Gas evolution at the wafer surface can result in bubbles which adhere to the surface
and result in nonunifo~ film formation. 1 The appearance of such films to the naked eye
is often blackish, with cellular structures = 1 mm in diameter. TO avoid  bubble
formation, the wafers may be dipped in and out of the solution as the films thickens.
Bubble formation during etching becomes difficult to avoid for thicker films, so that most
of the porous films studied here are 100 to 200 nm in thickness. Note that this is
considerably thinner than most anodically-produced  fdms discussed in the literature.
Shih et al.4 measured the thickness of porous layers as a function of time elapsed since
onset of the stain reaction (Fig. 10). They find that the thickness tends to saturate at
aount 400 to 600 nm. This is throught to be determined by balancing of the dissolution
rates of Si at the porous/bulk interface and the surface of the porous layer.

Electrochemical etching behavior and pore morphology vary considerably
depending on Si dopant type and concentration.22 For this reason, several different types
of Si wafers were stain etched in HF:HN03:H20. In solutions rich in HF, etching is
expected to be limited by the oxidation process, while in solutions very low in HF, the
etching process is expected to be limited by diffusion of the completing fluoride
species.26 In order to examine both regimes, etching was carried out in solutions of
HF:HN03:H20 with ratios of 4:1:5 and 1:4:5 by volume. A solution of 1:10:10 was tried
as well, but stain films did not nucleate readily. The most controllable and uniform stain
film formation occurs for p- wafers using the 4:1:5 solution. These films are specular and
exhibit a series of interference colors as the films thicken, such as observed for oxidation
of Si. For heavily p-type wafers and for n-type wafers, stain films tended to form in
small patches on the wafer surface, All of these stain films exhibit red to orange
luminescence to the naked eye under ultraviolet irradiation,

In addition to bulk Si wafers, stain etching has also been carried out on Si on
sapphire,13 polycrystalline Si on oxidized Si substrates and on quartz, ] 5 and partially-
crystallized amorphous layers on Si substrates.7 These experiments demonstrate the
relative flexibility of stain etching compared to anodic etching.
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2.2. Stain Etching of Si].xGex  Alloys
Stain etching of Si~Gexalloy  layers has&en  repotied by Ksendzovetaf.16  The

starting layers were grown by molecular beam epitaxy (MBE) on p-type (100)-oriented Si
wafers doped at 1-3 Q-cm. The growth was carried out in an MBE system with a base
pressure in the low 10-11 Torr range. Si and Ge were coevaporated from separate
electron-gun evaporators, with the substrate held at 500-550° C. The
Si~Gex  layers were doped with boron at 1017-1018 cm-3 and were = 0.75 pm thick.
Layers with x c 0.15 are expected to be below the critical thickness for introduction of
misfit dislocations (a consequence of the lattice mismatch between Si and Ge).25 Those
layers above the critical thickness are expected to contain a network of misfit dislocations
at the Si~GeJSi interface and also a high density (= 108 crmz) of threading dislocations
running from the interface to the surface of the epitaxial layer. The layers were observed
to stain in a manner similar to that observed for Si, with stain films of typical thickness
150 nm. The bulk of the 750 nm alloy layers were not etched, so that the porous regions
did not extend into the Si substrates. Preferential attack of threading dislocations was
observed in epitaxiai layers above the critical thickness, leading to locally thicker stain
films, as seen in Fig. 2.

2.3. Selective-area Production of Porous Silicon by Stain Etching
If porous Si devices are to be useful as integrated components of monolithic Si

circuitry, selective area production of porous Si will be required. While this may prove
difficult in some configurations using anodic etching techniques, it is straight forward
with stain etching, and has been demonstrated using a few different approaches.

As noted for Si l-xGeX alloys, crystallographic defects are recognized to nucleate or
enhance the etching procedure. Stain etches can be nucleated selectively by damaging Si
through a photoresist or other mask. This has been demonstrated with ion implantation
(using unannealed implants), plasma etching, and Ar ion milling.28

Another method used to achieve selective area porosification of Si is selective
doping of n-type Si with a Ga+ focused ion beam. Using this method, photoluminescence
patterns with submicron resolution were obtained. 14 A third method employed to realize
selective area luminescent porous Si is patterning of polycrystalline Si films on oxidized
Si followed by stain etching. 15

2,4. Fabrication of Amorphous/Crystalline SuperLattices by Stain Etching
In addition to single porous layers, stain etching has been employed by Fathauer et

al.6 to fabricate superlattices consisting of alternating layers of porous-amorphous
Sil.xGex alloys and crystalline Si. This is made possible by a high selectivity in the
porosification  of Sil.xGex alloy layers over that of adjacent Si layers in Sil.xGeJSi
superlattices grown by MBE. The as-grown superlattices are first ion milled to form
mesa structures, followed by immersion in an HF:HN03:H20  (4:1 :4) solution for about
45 sec. The lateral penetration of the pores in the Sil-xGex alloy layers without
porosification of the adjacent Si layers is approximately 0.75 Vm, so that 1 pm wide
mesas can be fully converted to porous/non-porous superlattices. porous layers as thin as



5nmhave  been demonstrated by this technique. Transmission electron microscopy and
diffraction characterization of these structures shows the porous alloy layers to be
amorphous, so that a unique amorphous/crystalline superlattice structure is obtained (Fig.
3).

3. Microstructural Properties

3.1. Su~ace and Interj6ace  Morphology
The surface morphology of stain-etched porous Si has been studied with scanning

electron microscopy (SEM) 1 S4J13~14S15 and atomic force microscopy (AFM),3$ while the
interface between stain-etched porous Si and the Si substrate has been studied with
transmission electron microscopy (TEM). lsS

In contrast to electrochemically-etched  porous Si, relatively little variation with
wafer type in the structure of the films is seen. The microstructure is difficult to observe
by SEM, unless bubble formation is allowed during etching (Fig. 4),1 The surface is
more easily imaged using AFM (Fig. 5), where a smooth surface with large dips is
observed. Anodically  etched films show more fine-scale bumpiness.s

Stain films produced from Sil.xGex alloys appear relatively featureless in the SEM
for samples where the alloy layer is below critical thickness. Above critical thickness,
however, a high density of pits is observed. This is due to preferential attack along
threading dislocations, as seen in Fig: 2, Rough morphology is also noted in porous Si-
on-sapphire wafers, 13 presumably for the same reason.

While porous Si layers produced by stain etching appear extremely uniform
throughout their depth in TEM cross sections (see below), the interface between the
porous layer and the unetched Si substrate is rough, exhibiting a feathery appearance
(Fig. 6).1

3.2. Crystallinity
The bulk structure and crystallinity of stain-etched porous Si has been studied with

TEM, 1 ~5~12 transmission electron diffraction (TED),5112 and reflection high-energy
electron diffraction (RHEED),30

TEM analyses have been performed in three very distinct manners: using
conventional cross-sectional specimen preparation techniques, 1*5 simple cleaving of
samples for examination in cross section,s and preparation of a plan-view TEM specimen
from bulk Si followed by stain etching of the TEM specimen. ] 2 Conventional
preparation has been suggested to possibly damage thelayers,31 as it involves the use of
solvents as well as ion-beam thinning. This damage is not expected to completely
amorphize’ porous layers, however. The cleavage technique involves no solvents, and no
heat treatments as a room temperature epoxy is used. There is limited viewabie area,
however, as only the tip of the cleaved wedge is electron transparent. This technique also
has a distinct advantage over the scraping technique employed by Cullis and Canham31 in
that the layer remains intact so that information such as the depth within the porous layer
is preserved. Finally, the staining of a prepared TEM specimen is another scheme for



avioding exposure to post-stain-etching treatments. It has the disadvantage that the
starting Si ,has been exposed to conventional specimen preparation procedures and
therefore may not etch in the same manner as a virgin Si wafer.

Some stain-etched porous Si films examined in cross-section appear completely
amorphous, whether conventional or cleavage techniques were used.s An example of
TEM and TED data from a cleaved specimen is shown in Fig. 7. Amorphous as well as
partially crystalline regions were observed in the plan-view specimens described above. 12
In some conventionally-prepared cross sections, crystallite are observed with diameters
in the range of 1-3 nm. These are observed in Si l.xGex alloy layers as well (Fig. 8). The
density of these crystallite is highest near the interface with the unetched region, with
few or no crystallite observed near the surface. No difference was noted in the PL of
samples which contained small crystallite and those which were fully amorphous.

RHEED data were obtained by Fathauer et also on full two-inch wafers etched in
three different stain solutions: HF:HN03:H20, NaN02:HF, and Cr03:HF. The samples
were immediately loaded into a nitrogen-purged glove box attached to the load lock of an
MBE system. The wafers were placed on a spinner and briefly etched in an HF:ethanol
solution to remove any surface oxide which would obscure the diffraction pattern from
the porous Si. The samples were then loaded directly into the MBE system, the load lock
of which is attached to the glove box. A 10-kV electron beam was directed at the wafer
surfaces at grazing incidence, with the resulting diffraction pattern displayed on a
phosphor screen. No sign of cry$tallinity was observed for any azimuth for the
luminescent HF:HN03:H20  or NaN02:HF films. On the other hand, a spot pattern
indicative of transmission of the electron beam through small crystalline features was
observed for the Cr03:HF-etched sample, which did not show any PL.

3.3. Porosi~
While the porosity of porous Si has most commonly been measured by gravimetric

analysis, this is not possible for the stain-etch case, where the thickness of the porous film
is only a small fraction of the total wafer thickness. For this reason, Pike et al.zg
employed energy-dispersive x-ray spectroscopy (EDX) of a TEM cross section to profile
the porosity of porous Si and Sil .xGex layers at the nanometer level. By comparing the x- “
ray counts produced in the porous region to those produced in the bulk region, the
porosities in the near surface region are shown to be between 70 and 80% for both Si and
Si I -xGex layers.

4. Composition and Chemical Properties
Characterization of the chemical bonding and elemental composition of stain-etched

films has been carried out with x-ray photoelectron spectroscopy (XPS),2 Rutherford
backscattering spectroscopy (RBS),16S32 elastic recoil detection (ERD),32 parallel
electron-energy loss spectroscopy (PEELS),29  EDX,Z9 and electron spin resonance
(ESR).33

4.1. Elemental Composition
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Both porous Si and Si0.7GeOo3 alloys have been characterized with RBS to
detetmineO and Clevels,  with ERDtodeterrnine  Hlevels,  and Sil.xGex alloys with
EDX for profiling of the alloy content as a function of depth in the porous layer. The
estimated composition of porous Si from RIM and ERD analyses, made approximately
one day after stain etching, is SiOa73C0.02H0.25 (oxygen below detection limit of = 1%).
The SiO.7G~.3 sample showed comparable C and H levels but also 1-2% 0.32 XPS
survey scans of porous Si layers rinsed with an HF:ethanol solution just prior to
examination show trace amounts of O, C, and Fin a predominantly Si matrix.z

Examination of Si l.@ex layers with XPS before and after stain etching indicates a
marked increase in the percentage of Ge in the material after porosification. 16 RBS
analysis also shows this effect, 16 The Ge concentration in porous alloy layers has been
profiled as a function of depth by Pike et al. using PEELS.2g The Ge:Si ratio is highest
near the surface, decreasing as the porous/bulk interface is approached. The porosity
profile obtained with EDX is observed to follow a similar trend.

4.2. Electronic Structure and Chemical Bonding
The Si bonding in the near-surface region of porous Si formed by stain etching has

been examined by Vasquez et al.2 by performing Si 2p and valence-band XPS
measurements. This was carried out for films stained in HF:HN03:H20,  NaN02:HF, and
Cr03:HF. Both the luminescent HF:HN03:H20 and NaN02:HF etched films show
spectra characteristic of amorphous St On the other hand, the non-luminescent Cr03:HF
etched film shows structure characteristic of crystalline Si, though of poor quality.

George et al.ss  have carried out ESR measurements on stain etched porous Si, A
resonance is observed at a g value of 2.0056f0.0002, with a linewidth of = 6.25 G at
room temperature. This resonance, which is absence in a reference bulk Si sample,
coincides with the resonance ascribed in the literature to single Si dangling bonds in
amorphous Si. The approximate number of spin centers contributing to the resonance
line width suggest that the layer consists predominantly of amorphous rather than
crystalline Si.

5. Luminescence Properties
A number of groups have performed PL characterization of stain-etched Si, 1’16 and

PL of stain-etched Si ]-XGeX alloys with a wide range of x has been carried out as well.16
While there is considerable literature on the PL properties of anodically-etched  porous Si,
there is very little on Sil -XGex alloys, so that detailed comparison of stain-etch and
anodic-etch results is not possible. To date, only one group has reported results on
electroluminescent (EL) diodes fabricated from stain-etched Si. 10

5.1. Photoluminescence
Both Kidder et al.g and Aoyagi et al. 11 have carried out detailed comparisons of the

luminescence properties of stain-etched and anodically-etched Si. Aoyagi et al. have
measured excitation and luminescence spectra and find that stain-etched and anodically  -
etched films both contain virtually the same luminescence band around 595 nm and the



same excitation band (i.e., absorption band) around 263 nm. Based on these results they
conclude that the two types of porous Si contain similar luminous material.

Kidder et al. examined stain-etched films produced in solutions with a wide range
of HF:HN03:H20  ratios. The peak positioon of the PL spectra was found to lie at = 650
nm for all layers. Stain-etched films soaked in 10% HF (by volume) for between 10 and
60 min. showed no significant change in PL peak position. For anodically-etched films,
on the other hand, they found PL peak positions varying from 640 nm to 710 nm,
depending on the electrolyte HF concentration. The luminescence of the stain-etched
films was thus found to exhibit less dependence on process conditions than that of
anodically-etched  films. The PL intensity of stain-etched Si was found to decrease
exponentially under room-temperature illumination at 476 nm, with a time constant of=
22 min. (Fig. 9). They found less severe degradation of the PL magnitude in anodically-
etched films.

All of the authors cited in Refs. 1-16 report similar PL spectra for stain-etched Si
except for Belov. 10 In this case, three narrow peaks centered at 760, 768, and 785 nm
were observed, rather than the single broad peak observed by other authors. Since no
structural characterization of these films is presented, it is not certain that they are
actually similar to porous films reported elsewhere. The etching procedure employed and
appearance of the film to the naked eye are consistent with other reports for stain films,
however.

The peak intensity of the PL from stain-etched films is reported to be lower than
that of anodically-etched films by a factor of 3- 10.4J1 I z30 Because stain films are usually
much thinner than anodic films, this could well be due simply to the presence of less
volume of material to excite luminescence from. A decay in the luminescence intensity
upon annealing in vacuum has been observed by Sarathy et a/s which is similar to that
observed by several groups for anodically-etched Si. The luminescence drops rapidly
around 400°C, and was found to be partially recoveralbe through HF dipping.

Photoluminescence  spectra have also been reported for stain-etched Si on
sapphire 13 and for pol ycrystalline  Si films. 15 In both cases, the PL spectra are similar to
those obtained for stain-etched bulk Si wafers. Amorphous Si films subjected to stain
etches have been reported not to lumin.esce. 1s

Luminescence data for Sil-xGex alloys of various x have been reported by Ksendzov
er al.’6  The Ge content of the layers, as noted above, was found to increase upon stain
etching. Data for x before (after) etching of 0.04 (0.06), 0.07 (= O. 15), 0.11 (0.23), 0.15
(= 0.5), 0.20 (0.88), 0.30 (not measured), and 0.40 (not measured) were obtained. Bulk
Ge was also etched and found not to luminescence. Photoluminescence intensity is found
to decrease dramatically with increasing Ge content, as shown in Fig. 11. For a porous
film fromed from a layer with x = 0.3, the PL intensity is orders of magnitude lower than
that of porous Si. There is no consistent and significant shift in the peak position,
however, in spite of a considerable change in band gap of the bulk alloys with Ge
content.

5,2. Electroluminescence



The only report of EL from stain-etched Si to date is by Belov. 10 As noted above,
the PL reported for these films is quite different from that reported by other authors, so
that it is not clear if these films are actually similar in nature to the porous Si films
formed by other authors. Diodes were fabricated by metallizing the backside of a p-type
(1 11) wafer of 10 Q-cm resistivity, followed by protection of the backside with laquer
and immersion in a 40% aqueous solution of HF with a small amount of nitric acid for
30-45 s. A semitransparent layer of Al or Au was then deposited through a mask. Under
forward bias, stable emission was first noted at 1.4 V, with a corresponding current
density of 100 mA/cm2. Increasing the current density by a factor of 800 increased the
intensity of emission by three orders of magnitude. The EL spectrum at a current density
of 60 A/cm2 is peaked at around 580 nm and is comparable in spectral width to typical
PL spectra of porous Si.

6. Implications for Mechanism of Luminescence
Two major pieces of information have come out of work on stain-etched porous Si

which have significant implications for the luminescence mechanism in all Si. The first
of these is the fact that stain-etched layers appear to be predominantly or completely
amorphous, yet exhibit PL that is virtually identical to that of anodically-etched  layers.
The second is the PL data for a comprehensive set of Si l-xGex alloy layers, showing no
significant shift in peak PL wavelength with alloy composition, along with a dramatic
decrease in the peak intensity. It shoflld be possible to obtain the same sort of alloy data
with anodic etching, but such data does not appear to be extant in the literature. Since it
is unlikely that different mechanisms are responsible for the very similar luminescence in
stain-etched and anodically-etched  Si, the implications of these results for the
luminescence mechanism in stain-etched Si apply to all porous Si.

6.1. Amorphous Nature of Porous Silicon Produced by Stain Etching
While porous Si layers etched by anodic techniques generally consist of a mixture

of crystalline and amorphous material,Q2 and are often predominantly crystalline, stain-
etched Si is predominantly or completely amorphous, The following techniques have been
used to verify the amorphous nature of stain-etched Si: TEM lattice inlaging, TED,
RHEED, XPS, and ESR. In some films, a low density of crystallite is observed near the
porous/bulk interface, but these are present in insufficiently large quantity to account for
the relatively bright luminescence observed.

Note that the different techniques used to verify the amorphous nature actually
measure quite different quantities. TEM and TED are sensitive to crystallinity with at
least short range order (a few atomic spacings) in the bulk of the porous layer. RHEED
probes crystallinity on a similar scale, but only in the top = 10 nm of the layer. XPS is
primarily sensitive to nearest-neighbor and next-nearest-neighbor bonds. ESR is also
sensitive to nearest neighbot bonding, The fact that all of these techniques fail to reveal
crystallinity  is strong evidence against crystalline quantum wires or dots in the usual
sense; i.e., a structure with a well-defined lattice (diamond cubic or other) and dimensions
of=2-10nm.
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This result does not necessarily imply that amorphous Si itself is the luminescing
species, but is consistent with any molecular unit or structure too small to actually form a
regular three-dimensional lattice. This includes siloxene,38 organic contaminants trapped
in the porous material,do and the sort of two-dimensional lattices proposed by Van de
Walle.’ll

The mechanism by which initially crystalline Si becomes amorphous upon stain
etching is not known at this time. One possibility is redeposition of Si from solution, but
results on Si l.xGex single-layer and superlattice samples suggest this is probably not the
mechanism, as the Sil-xGex material appears to stay in place during porosification.
Another possibility is a spontaneous phase transformation from crystalline to amorphous
material as the dimensions of the Si filments or particles become very small.
Thermodynamic arguments for such a transformation are put forth by Veprek et al.,sg
who observed x-ray data showing that deposited Si particles below = 3 nm in diameter
are amorphous. Similar observations have been reported for Si and Sil-XGeX alloys
subjected to ball milling.43

6.2. Luminescence behavior of Sil.&ex Alloys
As seen in Fig. 11, the PL peak position shows no significant trend with the Ge

content x. According to models of PL due to quantum-size effects (e.g., ref. 34),
assuming constant distribution of particle sizes in the various porous layers, the PL peak
position is expected to follow the bandgap of the bulk material. For the Ge contents
measured for these samples, the peak should monotonically decrease by = 200 meV
through this series of samples. 11 The possibility of a reduction in average particle size
with increasing Ge content is just such a way as to counteract this shift cannot be ruled
out, but is unlikely. In addition, under a quantum-size model, the PL peak intensity is not
expected to drop with increasing Ge content,

The further argument is made in ref. 11 that one can deduce the size of Iuminescing
clusters under the assumption that a single Ge atom in a cluster quenches the
luminescence, Then, using probability theory to fit the rate of decline in the PL intensity,
an average cluster of a size containing 7 Si atoms is arrived at. While this is consistent
with luminescence originating from small molecular clusters, it is not consistent with
quantum dots of wires, where individual particles would contain = 1000 atoms.

7. Conclusions
Most work to date on porous Si has been carried out with anodically-etched films.

Stain-etched films have been shown to exhibit very similar luminescence and have the
advantage of greater flexibility in the etching process. On the whole, these layers appear
to be less crystalline than anodically-etched layers, and are often completely amorphous.
In addition to large-area stain-etched porous Si films on bulk wafers, porous-Si on
sapphire, porous polycrystalline Si, and selective-area porous Si have all been produced
by stain etching. A wide range of epitaxial Sil.@ex alloy layers have been porosified as
well. Both the amorphous nature of stain-etched porous Si and the lack of a shift in the



.’

PL peak position in porous Sil.xGex alloys provide compelling evidence against
quantum-sized crystallite being responsible for the visible luminescence in porous Si.
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Fig. 1. Incubation time for staining of Si as a function of n- and p-type wafer resistivity
(from Steckl et al. in ref. 14).
Fig. 2. TEM cross section of a stained 0.75-pm-thick Si0,7G~.3  layer (from Fathauer et
al. in ref. 35).
Fig. 3. TEM cross section of amorphous/crystalline superlattice formed by stain etching
of an epitaxial Si/Si0,7Geo.3 superlattice grown by MBE (from Fathauer et al. in ref. 6).
Fig. 4. SEM micrographs of stain etched Si produced by (a) etching 0.05 Q-cm B-doped
Si(100) in 1:5:10 HF:HN03:Hz0 (bubbles allowed to form on wafer surface) and (b)
etching 1-3 Q-cm B-doped Si( 100) in 4:1:5 HF:HN03:Hz0 (bubbles not allowed to form
(from Fathauer et al. in ref. 1).
Fig. 5. AFM profile image of stain etched Si (from George et al. in ref. 5).
Fig. 6. Cross-sectional TEM micrographs of (a) a film produced by etching 0.05 Q-cm B-
doped Si(100) in 1:5:10 HF:HN03:Hz0  and (b) a film produced by etching 1-3 G!-cm B-
doped Si(100) in 4:1:5 HF:HN03:Hz0.  (c) Diffraction pattern from the thick layer of
Fig. 6b, showing the material to be amorphous. The sample shown in 6a evolved gas
rapidly during etching, while no surface bubbles were observed in the etching of the
sample shown in 6b. The dark contrast at the bottom of the void in Fig. 6a is likely due
to deposition of Cr (for preservation of the surface during specimen preparation) through
the hole at the top of the void. Both micrographs are at the same magnification (from
Fathauer et al. in ref. 1).
Fig. 7. Cross-sectional TEM micrograph of a wedge specimen prepared from stain-etched
Si (from George et al. in ref. 5).
Fig. 8. TEM cross section of a stain-etched Sil.xGex alloy layer showing nanocrystals
near the porous/bulk interface (from Pike et al. in ref. 29).
Fig, 9. Degradation of room temperature photoluminescence  from stain-etched Si under
illumination at 476 nm in air. Excitation optical power was 15 mW (chopped with 30
mW beam). Inset shows log intensity vs. illumination time indicating a simple decay
process whiere the intensity decreases by l/e over 22.45 min. (from Kidder et al. in ref.
9).
Fig, 10. Variation of porous film thickness of p-type 6-7 Q-cm Si after stain etching in
1:3:5 HF:HN03:Hz0 with reaction time for two different stirring conditions (from Shih
et al. in ref. 4).
Fig. 11. PL ,of stain-etched Si]-xGex alloy layers (from Ksendzov et al. in ref. 16).
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